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We do not solve tensions with concordance cosmology; we do obtain H0 ≈ 74 km/s/Mpc from
CMB+BAO+SN data in our model, but that is not the point. Discrepancies in Hubble constant
values obtained by various astrophysical probes should not be viewed in isolation. While one can
resolve at least some of the differences through either an early time transition or late time transition
in the expansion rate, these introduce other changes. We advocate a holistic approach, using a wide
variety of cosmic data, rather than focusing on one number, H0. Vacuum metamorphosis, a late
time transition physically motivated by quantum gravitational effects and with the same number
of parameters as ΛCDM, can successfully give a high H0 value from cosmic microwave background
data but fails when combined with multiple distance probes. We also explore the influence of spatial
curvature, and of a conjoined analysis of cosmic expansion and growth.
I. INTRODUCTION
Considerable literature has been devoted to differences in values for the present cosmic expansion rate, H0, obtained
by local distance ladder measurements using Cepheid star calibrators [1] or tip of the red giant branch stars [2], by the
cosmic microwave background (CMB) data [3, 4], by baryon acoustic oscillation data in conjunction with primordial
nucleosynthesis constraints but independent of CMB [5–7], and by strong gravitational lensing time delays [8]. We
do not opine here on the possibility of inaccurate measurements or techniques (systematics) but instead pursue the
avenue of actual new cosmic physics: the fault is not in our stars, but in ourselves (i.e. cosmological model).
Two modifications of cosmological history have long been known as capable of raising the value determined by
probes for the present expansion rate: an early time transition in the expansion rate (e.g. through adding extra
energy density), thus decreasing the sound horizon [9–13], and a late time transition in the expansion rate (through
either adding extra energy density or changing the Friedmann equation relating expansion rate to energy density),
thus directly raising H0 [14–19].
Each of these, however, have other cosmological effects besides changing H0, e.g. on distances, the value of the
matter density Ωm, CMB anisotropies, the amplitude or rate of growth of structure (σ8, fσ8, S8). For example, early
time transitions must quickly shed their extra energy density so as not to disrupt the fit to CMB anisotropies or cosmic
structure formation. Indeed, [13] actually detected such a transition up and down in the Planck 2013 and WMAP9
CMB data and showed the shift in H0. Recently this idea has been revisited by [20–24]. Late time transitions that
raise H0 generally lower Ωm (e.g. if keeping the well measured value of Ωmh2), changing distances to sources, the
growth of structure, and generally also the sound horizon and CMB anisotropies. Some of these can be compensated
for with other changes but it is difficult to match all the data. Recent treatments of early time transitions [25] and
late time transitions [26] highlight some of the issues, while the overall situation is summarized in [27]. There are a
huge number of papers discussing specific aspects and models: we refer the reader to references in [27] as well as more
recent ones that evaluate viability with respect to multiple, diverse data sets [28–51].
Here we address a late time transition in fundamental physics, arising from the well motivated quantum gravity
effect of Parker’s vacuum metamorphosis [52–54]. This follows on the early attempt to use vacuum metamorphosis to
attain higher H0 in [14], which was successful for the probes considered. We emphasize that this is a first principles
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2theory, not a phenomenological parametrization. A theory with a similar transition but different origin is übergravity
[18]. We will go beyond these works by exploring the role of spatial curvature and adding further observational probes.
Section II describes the vacuum metamorphosis theory in both its original and VEV forms, with the same and
one more number of parameters as ΛCDM, respectively. In Sec. III we present the data sets we will use in different
combinations. Section IV discusses the cosmological constraints including on H0 and the spatial curvature, paying
close attention to goodness of fit. We highlight in Sec. V the importance of using a wide range of different robust
probes, and effects on cosmic structure growth, including a conjoined analysis. We discuss general lessons about late
time transitions and conclude in Sec. VI.
II. VACUUM METAMORPHOSIS
Vacuum metamorphosis arises from a nonperturbative summation of quantum gravity loop corrections due to a
massive scalar field. The first order loop correction is familiar as Starobinsky R2 gravity [55], where R is the Ricci
scalar. When the Ricci scalar evolves during cosmic history to reach the scalar field mass squared, then a phase
transition occurs and R freezes with R = m2. This changes the expansion rate from the earlier time, pure matter
evolution. That is, at times before the phase transition the action is purely of the Einstein-Hilbert form without
any dark energy, while at later times the cosmic expansion has a different evolution. Other theories giving a phase
transition in R include Sakharov’s induced gravity [56] and the sum over states approach of übergravity [18].
Vacuum metamorphosis is a highly predictive theory, as it has the same number of parameters as ΛCDM. In
the original form there is a relation between m2 and the present matter density Ωm (which also determines the
transition redshift). Another possible form is where the massive scalar field has a vacuum expectation value (VEV)
that manifests as a cosmological constant at higher redshift – thus the cosmology at earlier times than the transition
is purely ΛCDM. Here the VEV, or magnitude of the high redshift cosmological constant, is another free parameter.
We will explore the constraints of the data on both the original and VEV forms of vacuum metamorphosis.
We now review the key equations of vacuum metamorphosis (VM), extending them to include spatial curvature,
and discussing our implementation of them. While we regard the original VM model without cosmological constant as
the most elegant and theoretically compelling, we provide the general equations for the VEV form, with the original
no high redshift cosmological constant form as a special case.
The phase transition criticality condition is
R = 6(H˙ + 2H2 + ka−2) = m2 , (1)
and, defining M = m2/(12H20 ), the expansion behavior above and below the phase transition is
H2/H20 = Ωm(1 + z)
3 + Ωr(1 + z)
4 + Ωk(1 + z)
2 +M
1−
[
3
(
4
3Ωm
)4
M(1−M − Ωk − Ωr)3
]−1 , z > zt (2)
H2/H20 = (1−M − Ωk)(1 + z)4 + Ωk(1 + z)2 +M , z ≤ zt (3)
where Ωk = −k/H20 is the spatial curvature effective energy density and Ωr is the radiation energy density. The phase
transition occurs at
zt = −1 + 3Ωm
4(1−M − Ωk − Ωr) . (4)
We see that above the phase transition, the universe behaves as one with matter (plus radiation plus spatial
curvature) plus a cosmological constant, and after the phase transition it effectively has a radiation component (the
matter and usual radiation is hidden within this expression) that rapidly redshifts away leaving a de Sitter phase.
The original model did not include a VEV; we see that this lack of an explicit high redshift cosmological constant
implies that
Ωm =
4
3
[
3M(1−M − Ωk − Ωr)3
]1/4
. (no VEV case) (5)
So there is only one free parameter in the original model, eitherM or Ωm, the same number as in ΛCDM. For example,
Ωm = 0.3 implies M = 0.9017, and zt = 1.29. We emphasize that the de Sitter behavior at late times is not a result
of a cosmological constant, but rather the intrinsic physics of the model.
3The effective dark energy equation of state (i.e. of the effective component once the matter and normal radiation
contributions have been accounted for) is
w(z) = −1− 1
3
3Ωm(1 + z)
3 − 4(1−M − Ωk − Ωr)(1 + z)4
M + (1−M − Ωk − Ωr)(1 + z)4 − Ωm(1 + z)3 , (6)
below the phase transition, and simply w(z > zt) = −1 above the phase transition. In the case without a cosmological
constant (no VEV), there is no dark energy above the transition.
The equation of state behavior is phantom, and more deeply phantom as the VEV diminishes. Note that for
M > 0.9017 (in the Ωm = 0.3 case), the VEV can go negative, and this leads initially to a highly positive equation of
state just after the transition. This is not an observationally viable region. As M falls below the critical value, the
VEV smooths out the rapid time variation, leading to a nearly constant w(a). If M falls too low, then the transition
occurs in the future (see Eq. 4), and we have simply the ΛCDM model for the entire history to the present. Moreover,
M then becomes no longer a free parameter but is given in terms of Ωm by the requirement that H(z = 0)/H0 = 1.
Thus, when considering the VM VEV model one would need to place lower and upper limits on the prior of the extra
free parameter, corresponding to zt ≥ 0 and Ωde(z > zt) ≥ 0 respectively.
The lower bound on M from Eq. (4) is
Mlower = 1− 3Ωm
4
− Ωk − Ωr . (7)
Determining the upper bound on M , i.e. the nonnegativity of the curly brackets in Eq. (2), requires solving a quartic
equation. Therefore we instead choose M as our free parameter and place the prior bounds on Ωm, for which there
is an explicit analytic solution. In this case the bounds on Ωm become
4
3
(1−M − Ωk − Ωr) ≤ Ωm ≤ 4
3
[
3M(1−M − Ωk − Ωr)3
]1/4
, (8)
where the lower bound corresponds to the condition zt ≥ 0 and the upper bound to Ωde(z > zt) ≥ 0.
III. DATA
In order to constrain the VM model parameters, we utilize various combinations of some of the most recent
cosmological measurements available:
• CMB: Temperature and polarization CMB angular power spectra of the Planck legacy release 2018 plikTT-
TEEE+lowl+lowE [3, 57]. This serves as our baseline data set and is included in all data combinations.
• CMB lensing: CMB lensing reconstruction power spectrum data 2018, obtained with a CMB trispectrum
analysis in [58]. This data is only included in cases where it is specifically listed.
• BAO: Baryon Acoustic Oscillation measurements 6dFGS [59], SDSS MGS [60], and BOSS DR12 [61], in the
same combination used by the Planck collaboration in [3].
• SN: Luminosity distance data of 1048 Type Ia Supernovae from the Pantheon catalog [62].
• R19: Gaussian prior H0 = 74.03 ± 1.42 km/s/Mpc at 68% CL on the Hubble constant as measured by the
SH0ES collaboration in [1].
We assume initially a 6-dimensional parameter space, varying at the same time the baryon energy density Ωbh2, the
ratio of the sound horizon at decoupling to the angular diameter distance to last scattering θMC , the optical depth
to reionization τ , the amplitude and the spectral index of the primordial scalar perturbations As and ns, and the
vacuum metamorphosis parameter M defined in Sec. II and related to the matter density Ωm through the Eq. (5).
A second set of analyses includes the curvature density Ωk, i.e. a spatially nonflat universe, as a seventh parameter.
Each of these sets is then also analyzed for the VM VEV model where one more degree of freedom is present, i.e.
relaxing the condition of Eq. (5), and also allowing the cold dark matter density Ωch2, equivalent to Ωm independent
of M , to vary. We use flat uniform priors on these parameters, as reported in Table I.
In order to study the data and evaluate the constraints on the cosmological parameters, we use our modified version
of the publicly available Monte-Carlo Markov Chain package CosmoMC [63], equipped with a convergence diagnostic
based on the Gelman and Rubin statistic [64], implementing an efficient sampling of the posterior distribution that
makes use of the fast/slow parameter decorrelations [65]. CosmoMC includes the support for the 2018 Planck data
release [57] (see http://cosmologist.info/cosmomc/).
4Parameter Prior
Ωbh
2 [0.005, 0.1]
Ωch
2 [0.001, 0.99]
τ [0.01, 0.8]
ns [0.8, 1.2]
log[1010As] [1.6, 3.9]
100θMC [0.5, 10]
M [0.5, 1]
Ωk [−0.3, 0.3]
Table I. Flat priors adopted for the cosmological parameters.
IV. COSMOLOGICAL CONSTRAINTS
Cosmological parameter constraints are summarized in Table II and III for the original VM case with no high
redshift cosmological constant, i.e. no vacuum expectation value “noVEV”. Table III includes spatial curvature Ωk
as a fit parameter. The 68% and 95% marginalized confidence level parameter contours and 1D PDFs are shown in
Fig. 1 and Fig. 2, respectively. Analogously, the VM VEV model results are presented in Table IV for the VM VEV
flat case and in Table V for the VM VEV curvature case, with Fig. 3 and Fig. 4 showing the parameter contours and
PDFs.
A. General Results
The first result we note is that the values of H0 obtained in the VM model are significantly higher than in ΛCDM,
with values of H0 ≈ 73−74 readily reached. Even though VM noVEV has the same number of parameters as ΛCDM,
the uncertainty on the H0 determination from CMB alone is considerably higher: the equivalent CMB TTTEEE only
constraint in ΛCDM is H0 = 67.27± 0.60.
A similar trend in the size of the H0 uncertainty exists within wCDM (with one extra parameter), where the
uncertainty nearly fills the priors. Thus ΛCDM is a special case regarding the level of tension in H0 for CMB data
alone. If we include both BAO and SN data, then the uncertainty recedes to 0.66 (for VM noVEV flat), compared
to 0.43 for ΛCDM, and the mean value H0 = 74.21 is quite consistent with R19, even though we did not use a R19
prior, while it is H0 = 67.74 for ΛCDM.
The five standard cosmological fit parameters are basically the same for VM noVEV and ΛCDM, but derived
parameters such as Ωm and σ8, in addition to H0, can be quite different. Therefore it is important to examine the
overall fit to the data, not just look at a single parameter. We compare the best fit χ2 values of each combination of
data used, between VM noVEV flat and ΛCDM (where the number of parameters are equal), between VM noVEV
flat and VM noVEV curvature (with one extra parameter, Ωk), and between VM noVEV curvature and ΛCDM+Ωk
(with the same number of parameters). We have also checked individual contributions to the χ2, e.g. from low ` CMB
data (which agrees well with the respective ΛCDM χ2 values).
Relative to ΛCDM, the VM noVEV flat model (Table II and Fig. 1) has moderate improvements in χ2 for CMB
data, a strong improvement for CMB+R19, but much worse fits for CMB with BAO or SN. When both models allow
for curvature (Table III and Fig. 2), the CMB only fit becomes slightly worse, and the fits with BAO or SN improve
significantly, but not enough to overtake ΛCDM+Ωk. And the combination CMB+BAO+SN shows significant tension,
as we discuss in Sec. IVB. Thus focusing only on H0 gives a very biased view of the usefulness of a cosmological
model. Within the VM noVEV models, the addition of curvature has a moderate improvement relative to the VM
noVEV flat case for the CMB only fit, a strong to very strong effect on the CMB with BAO or R19 or SN sets, and a
significant effect on CMB+BAO+SN (∆χ2 = −10 for one extra parameter). In this last combination the preference
for a closed universe is 2.9σ, but again this model is a worse fit than ΛCDM+Ωk – which is consistent with flatness
– by ∆χ2 = 85. The CMB+SN case prefers a quite distinct part of the posterior, and so while its fit is reasonable,
the combination with BAO is emphatically not. The fit with CMB+BAO+R19 has relative ∆χ2 = −83 with respect
to CMB+BAO+SN when each is compared to the corresponding ΛCDM+Ωk case. Thus the VM noVEV model,
whether flat or with curvature, though it does naturally give H0 consistent with R19, cannot simultaneously satisfy
CMB, BAO, and SN data.
Moving to the VM VEV model, we present the results in Table IV and Fig. 3 for the VM VEV flat case and Table V
and Fig. 4 for the VM VEV curvature case. The addition of one parameter for the VEV (i.e. both M and Ωch2 or
effectively Ωm free) has an insignificant effect relative to VM noVEV for CMB only, a strong effect for CMB with BAO
5Table II. 68% CL constraints on the cosmological parameters for the different dataset combinations explored in this work.
This is for the original VM case and spatial flatness: VM noVEV flat. ∆χ2bf (best fit) is relative to the corresponding data best
fits within ΛCDM.
Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh
2 0.02238± 0.00014 0.02242± 0.00013 0.02218± 0.00012 0.02201± 0.00013 0.02221± 0.00012 0.02213± 0.00012 0.02217± 0.00012
100θMC 1.04091± 0.00030 1.04097± 0.00029 1.04060± 0.00029 1.04033± 0.00031 1.04063± 0.00029 1.04053± 0.00029 1.04060± 0.00029
τ 0.0524± 0.0078 0.0510± 0.0078 0.0458+0.0083−0.0067 0.039+0.010−0.007 0.0469± 0.0075 0.0449+0.0079−0.0065 0.0456+0.0083−0.0068
M 0.9363+0.0055−0.0044 0.9406± 0.0034 0.9205± 0.0023 0.8996+0.0081−0.0073 0.9230+0.0042−0.0036 0.9163± 0.0023 0.9198± 0.0020
ln(1010As) 3.041± 0.016 3.036± 0.015 3.035+0.017−0.014 3.027+0.020−0.014 3.036± 0.016 3.035+0.017−0.014 3.035+0.017−0.015
ns 0.9643± 0.0039 0.9663± 0.0036 0.9572± 0.0031 0.9511± 0.0036 0.9585± 0.0033 0.9560± 0.0031 0.9571± 0.0031
H0[km/s/Mpc] 81.1± 2.1 82.9± 1.5 75.44± 0.69 70.1± 1.8 76.3± 1.2 74.21± 0.66 75.22± 0.60
σ8 0.9440± 0.0077 0.9392± 0.0067 0.9456+0.0082−0.0070 0.9419+0.0098−0.0069 0.9457± 0.0075 0.9461+0.0080−0.0068 0.9457+0.0082−0.0073
S8 0.805± 0.022 0.783± 0.014 0.865± 0.010 0.927± 0.023 0.856± 0.015 0.880± 0.010 0.8675± 0.0098
Ωm 0.218
+0.010
−0.012 0.2085± 0.0076 0.2510± 0.0046 0.291± 0.015 0.2458+0.0074−0.0084 0.2593± 0.0046 0.2525± 0.0040
χ¯2bf 2767.74 2776.23 2806.22 3874.13 2777.04 3910.01 2808.34
∆χ¯2bf −4.91 −5.81 +26.51 +66.63 −14.80 +95.83 +11.29
0.80 0.85 0.90 0.95 1.00
S8
64
68
72
76
80
H
0
0.87 0.90 0.93
Mvacuum
0.80
0.85
0.90
0.95
1.00
S 8
64 68 72 76 80
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CMB+BAO
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CMB+R19
CMB+BAO+R19
CMB+BAO+Pantheon
Figure 1. 68% and 95% CL constraints on the original VM case and spatial flatness: VM noVEV flat.
or SN, and a highly significant effect for the combination CMB+BAO+SN (∆χ2 = −53 for one extra parameter).
The VM VEV model brings H0 ≈ 73, Ωm ≈ 0.27, and S8 ≈ 0.83, whether flat or with curvature. Relative to ΛCDM,
the VM VEV flat model has ∆χ2 = +43 with one extra parameter for CMB+BAO+SN. Note that [66] also showed
the tension of fitting CMB+BAO+SN simultaneously (for the data at that time), where in their Fig. 6 the SN contour
curves away from the others as one reduces the VM VEV case to VM noVEV, so the SN data play a particularly
important discriminating role. While the fit with CMB+BAO+R19 actually has an improved fit relative to ΛCDM,
6Table III. As Table II but also allowing spatial curvature to vary, i.e. VM noVEV curvature.
Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh
2 0.02263± 0.00017 0.02250± 0.00016 0.02251± 0.00016 0.02275± 0.00016 0.02254± 0.00016 0.02239± 0.00015 0.02250± 0.00016
100θMC 1.04119± 0.00032 1.04107± 0.00032 1.04105± 0.00033 1.04130± 0.00033 1.04111± 0.00031 1.04092± 0.00031 1.04105± 0.00032
τ 0.0486+0.0084−0.0075 0.0498± 0.0083 0.0511± 0.0075 0.0391+0.0011−0.0007 0.0512± 0.0079 0.0483+0.0079−0.0067 0.0513± 0.0075
Ωk −0.030+0.016−0.011 −0.0044+0.0064−0.0052 −0.0128± 0.0039 −0.073+0.012−0.010 −0.0149± 0.0044 −0.0110± 0.0038 −0.0127± 0.0037
M 0.927+0.010−0.007 0.9416± 0.0037 0.9336± 0.0044 0.8993+0.0094−0.0083 0.9340± 0.0050 0.9277± 0.0044 0.9333± 0.0043
ln(1010As) 3.028
+0.018
−0.016 3.031± 0.018 3.035± 0.015 3.006+0.023−0.014 3.034± 0.016 3.033+0.016−0.014 3.036± 0.016
ns 0.9711± 0.0047 0.9687± 0.0047 0.9684± 0.0045 0.9743± 0.0046 0.9692± 0.0045 0.9648± 0.0043 0.9680± 0.0044
H0[km/s/Mpc] 67.8
+4.9
−5.4 81.0± 3.1 74.30± 0.74 55.4+1.6−1.8 73.7± 1.3 73.30± 0.72 74.25± 0.67
σ8 0.903
+0.022
−0.018 0.931± 0.013 0.9259± 0.0091 0.848+0.015−0.014 0.9226± 0.0098 0.9284± 0.0094 0.9262± 0.0093
S8 0.925± 0.053 0.795± 0.022 0.8609± 0.0099 1.060± 0.022 0.866± 0.015 0.875± 0.010 0.8616± 0.0097
Ωm 0.318
+0.040
−0.055 0.219
+0.015
−0.018 0.2594± 0.0052 0.469± 0.030 0.264+0.009−0.010 0.2663± 0.0053 0.2597± 0.0047
χ¯2bf 2762.63 2777.66 2795.27 3811.16 2763.16 3899.96 2795.92
∆χ¯2bf +2.54 +1.60 +18.29 +3.94 −19.84 +85.48 +2.45
0.12 0.06 0.00
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Figure 2. 68% and 95% CL constraints on the original VM case allowing spatial curvature to vary, i.e. VM noVEV curvature.
this comes at the price of neglecting the SN constraints; we discuss this further in Sec. IVB.
Within the VM VEV model, the addition of curvature has a modest effect, except a strong improvement for
CMB+SN (simply due to curvature washing out a great part of SN’s probative power suppressing one of posterior
peaks discussed in Sec. IVB). However, CMB+BAO+SN (and CMB+BAO+R19) shows insignificant change. CMB,
CMB+BAO, and CMB+SN all prefer a closed universe but this reduces to a ∼ 1σ effect for CMB+BAO+SN. For VM
VEV curvature relative to ΛCDM+Ωk, ∆χ2 = +40. Removing the SN information gives results relative to ΛCDM+Ωk
of ∆χ2 = +10 for CMB+BAO and −6 for CMB+BAO+R19. Note that adding R19 does not particularly improve
7Table IV. As Table II but for the VM VEV model, i.e. VM VEV flat.
Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh
2 0.02238± 0.00015 0.02242± 0.00015 0.02229± 0.00014 0.02233± 0.00015 0.02236± 0.00015 0.02228± 0.00014 0.02230± 0.00014
Ωch
2 0.1200± 0.0013 0.1194± 0.0012 0.1213± 0.0012 0.1208± 0.0014 0.1203± 0.0014 0.1217± 0.0012 0.1212± 0.0011
100θMC 1.04092± 0.00031 1.04098± 0.00030 1.04079± 0.00030 1.04086± 0.00031 1.04090± 0.00032 1.04077± 0.00030 1.04080± 0.00031
τ 0.0541± 0.0078 0.0529± 0.0076 0.0527± 0.0077 0.0529± 0.0077 0.0537± 0.0079 0.0524± 0.0078 0.0530± 0.0077
M 0.914+0.021−0.009 0.920
+0.017
−0.007 0.8950
+0.0013
−0.0033 0.8940
+0.0012
−0.0022 0.9028
+0.0046
−0.0085 0.8929
+0.0010
−0.0016 0.8953
+0.0014
−0.0034
ln(1010As) 3.044± 0.016 3.039± 0.015 3.044± 0.016 3.043± 0.016 3.044± 0.016 3.044± 0.016 3.045± 0.016
ns 0.9653± 0.0044 0.9666± 0.0040 0.9620± 0.0041 0.9632± 0.0025 0.9644± 0.0044 0.9612± 0.0040 0.9623± 0.0038
H0[km/s/Mpc] 76.7
+3.9
−2.6 78.0
+3.2
−1.9 73.58
+0.33
−0.49 73.53
+0.37
−0.42 74.8
+0.7
−1.2 73.26± 0.32 73.63+0.33−0.48
σ8 0.895
+0.016
−0.026 0.900
+0.024
−0.019 0.876± 0.010 0.872± 0.010 0.880+0.012−0.016 0.8756± 0.0091 0.8760+0.0093−0.0099
S8 0.805± 0.016 0.796+0.013−0.015 0.825± 0.014 0.821± 0.015 0.813± 0.015 0.830± 0.013 0.825± 0.013
Ωm 0.243
+0.017
−0.025 0.235
+0.011
−0.020 0.2664
+0.0048
−0.0043 0.2661± 0.0050 0.2561+0.0081−0.0068 0.2695± 0.0041 0.2660± 0.0044
χ¯2bf 2769.74 2778.93 2790.75 3840.55 2772.09 3857.21 2789.76
∆χ¯2bf −2.91 −3.11 +11.04 +33.05 −19.75 +43.03 −7.29
0.24 0.27
m
72.0
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Figure 3. 68% and 95% CL constraints on the VM VEV model, i.e. VM VEV flat.
the VM VEV fit – for one extra data point ∆χ2 = +0.5 – but the apparent gain is caused by the ΛCDM+Ωk fit
getting worse by 16.
Thus, while the VM model can relieve the tension between CMB data and the R19 local Cepheid distance ladder
measurement of H0, it is not as good a fit to cosmology across a wider combination of data sets including BAO or SN
or both. The need for a wide range of probes, including growth ones, will be the main theme of Sec. V, but first we
examine apparent sources of tension between CMB+BAO and CMB+SN, and summarize the constraints on H0 and
Ωk.
8Table V. As Table IV but also allowing spatial curvature to vary, i.e. VM VEV curvature. Italicized entries involving Pantheon
data serve as a reminder that the parameter values are the mean over both peaks in the posterior; a prior such as H0 & 60
would select the peak that is much more consistent with the other data though it does not much affect the total χ2 values.
Parameters CMB CMB+lensing CMB+BAO CMB+Pantheon CMB+R19 CMB+BAO+Pantheon CMB+BAO+R19
Ωbh
2 0.02262± 0.00016 0.02248± 0.00016 0.02243± 0.00015 0.02261± 0.00017 0.02251± 0.00016 0.02235± 0.00015 0.02243± 0.00016
Ωch
2 0.1180± 0.0015 0.1187± 0.0015 0.1196± 0.0014 0.1181+0.0015−0.0017 0.1188± 0.0014 0.1207± 0.0014 0.1197± 0.0014
100θMC 1.04119± 0.00033 1.04105± 0.00032 1.04098± 0.00031 1.04118± 0.00033 1.04104+0.00035−0.00030 1.04086± 0.00032 1.04097± 0.00032
τ 0.0482± 0.0080 0.0506± 0.0080 0.0537± 0.0075 0.0480+0.0082−0.0071 0.0519± 0.0076 0.0528± 0.0077 0.0537± 0.0079
Ωk −0.040± 0.014 −0.0034± 0.0043 −0.0045+0.0027−0.0021 −0 .035+0 .005−0 .011 −0.0096+0.0029−0.0039 −0.0021± 0.0020 −0.0042+0.0030−0.0020
M 0.826+0.034−0.072 0.919
+0.015
−0.012 0.9040
+0.0038
−0.0089 0 .861
+0 .013
−0 .029 0.922
+0.010
−0.004 0.8958
+0.0029
−0.0032 0.9045
+0.0043
−0.0098
ln(1010As) 3.027± 0.017 3.033± 0.016 3.042± 0.015 3.027+0.017−0.015 3.037± 0.016 3.043± 0.016 3.042± 0.016
ns 0.9710± 0.0046 0.9681± 0.0046 0.9664± 0.0046 0.9707± 0.0047 0.9683± 0.0045 0.9636± 0.0045 0.9661± 0.0045
H0[km/s/Mpc] 58.2
+1.3
−4.8 76.2
+2.3
−4.2 72.96
+0.59
−0.76 60 .2
+0 .2
−3 .6 73.4± 1.3 72.80± 0.55 73.19+0.56−0.69
σ8 0.818
+0.013
−0.043 0.894
+0.018
−0.028 0.880
+0.010
−0.015 0 .835
+0 .009
−0 .029 0.906
+0.019
−0.013 0.8743± 0.0093 0.881+0.010−0.016
S8 0.969
+0.041
−0.031 0.807
+0.022
−0.020 0.832± 0.014 0 .955+0 .045−0 .020 0.849± 0.019 0.831± 0.013 0.830+0.014−0.015
Ωm 0.426
+0.064
−0.031 0.245
+0.025
−0.017 0.2681
+0.0057
−0.0049 0 .395
+0 .043
−0 .005 0.2635± 0.0098 0.2712± 0.0045 0.2665+0.0053−0.0047
χ¯2bf 2762.79 2778.62 2787.06 3801 .45 2764.02 3854.88 2787.57
∆χ¯2bf +2.70 +2.56 +10.08 −5 .77 −18.98 +40.40 −5.90
B. BAO and SN Constraining Power
In Fig. 2 we see a CMB+SN confidence contour disjoint from CMB+BAO, and in Fig. 4 we see in addition
multipeaked 1D PDFs. It is worthwhile understanding their origin and effects. First, we emphasize that all chains
are well converged, with R− 1 < 0.02, so these are real features of the posteriors.
The issue can be traced back to the CMB constraints, so it is not due to SN. The CMB carries cosmological
information in three main characteristics: the geometric degeneracy to the last scattering surface (location of the
acoustic peaks), the acoustic peak structure (influencing the baryon and cold dark matter constraints), and the
integrated Sachs-Wolfe effect. In the VM noVEV model with curvature, and the VM VEV models both with and
without curvature, there is sufficient freedom to prolong the matter domination era by raising Ωm (compensating with
Ωk to preserve the geometric degeneracy) and thus suppress the ISW effect. This brings the lower ` multipoles into
better agreement with CMB data. The intersection of the ISW suppression relation and geometric degeneracy in the
M–Ωm plane gives an opportunity for an extended CMB confidence contour, or second peak in the posterior.
For the VM noVEV model with curvature, the SN likelihood enhances the low ISW part of the confidence region
because this also has larger Ωm to offset the curvature for the SN distances. That is, the addition of the SN data
chooses the far end of the CMB confidence region continuously connecting the two regions seen from CMB+SN and
CMB+BAO. For the VM VEV cases the ISW suppression is stronger for the parameter region corresponding to the
upper limit of M in Eq. (8), and this actually creates a second peak in the CMB posterior. Without the degeneracy
due to curvature, the SN data is informative enough to nullify this second peak, just as BAO do, and so Fig. 3 shows
CMB+BAO and CMB+SN in substantial agreement. However, again SN leverage is weakened in the presence of
curvature and it is not able to remove the strongest part of the second posterior region from the CMB, giving rise to
a disjoint second contour in Fig. 4. The unusual parameter values for CMB+SN in this case is due to the disjoint
part of the CMB+SN posterior – the H0 & 60 disjoint part of the CMB+SN posterior has reasonable consistency
with BAO data, e.g. with H0 ≈ 72, Ωm ≈ 0.27. To highlight this we have italicized in Table V the entries involving
Pantheon data to serve as a reminder that the values are the mean over both peaks in the posterior. Removing the
H0 < 60 contour peak, though, does not change χ2bf for CMB+BAO+SN.
C. H0 Results
As we have seen, the VM model can accommodate a high (R19) value of H0 while being consistent with the CMB.
Indeed the flat VM models have a better CMB χ2 than ΛCDM, with the same number of parameters, while giving high
H0. Including curvature, the VM models do about as well as ΛCDM+Ωk for CMB data, with greater uncertainties
on H0 but consistent with either low (Planck ΛCDM) or high values (the VM VEV curvature case for CMB alone has
a peak at H0 ∼ 70 between the low and high values, as well as its main peak at H0 ∼ 55). These high values occur
naturally, without adding an external H0 prior.
Adding further data such as BAO and SN, or both, does not change the consistency with high H0 (see the previous
subsection for discussion of the CMB+SN data in the presence of curvature), although it can worsen (considerably)
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Figure 4. 68% and 95% CL constraints on the VM VEV case allowing spatial curvature to vary, i.e. VM VEV curvature.
the overall goodness of fit. Figure 5 shows the H0 values fit for all the data combinations, for all the VM model
permutations. However, as we caution in Sec. V, using only the criterion of a fit to H0 can be highly problematic.
D. Ωk Results
Evidence for nonzero spatial curvature, Ωk 6= 0, would have a profound impact on theories of the early universe and
inflation. While we have seen that degeneracies with other parameters exist, and can increase uncertainties or easily
allow large systematic shifts, the combination of many distinct observational probes can alleviate this. Furthermore,
the VM model has the benefit of not increasing the number of parameters (and hence potential for further degeneracy)
beyond ΛCDM (for VM noVEV; VM VEV has a single added parameter).
Earlier work, e.g. [67–71], has discussed evidence for (or against) a closed universe, Ωk < 0. However, these have
considered only one or two probes together. Here we have several cases where we use three, either CMB+BAO+SN
or CMB+BAO+R19. We do find that Ωk tends to lie closer to zero when combining three probes than two, but the
results still lie ∼ 3σ away from flatness for VM noVEV and ∼ 1σ away for the better fitting VM VEV.
Figure 6 shows the Ωk values fit for all the data combinations, for all the VM model permutations. Again, we
caution in Sec. V that one should consider the full set of cosmological model parameters together, rather than only
focus on one. (For example, the CMB only ΛCDM+Ωk case that has an improvement of ∆χ2 = −11 over flat ΛCDM
also has H0 ≈ 54 and Ωm ≈ 0.48; the VM VEV case is only slightly better, while the VM noVEV case is much closer
to standard, both departing from flatness at ∼ 2–3σ.)
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Figure 5. 68% CL constraints on H0 for the different combinations of datasets and models explored here. The cyan region is
the Planck ΛCDM estimate of the Hubble constant, while the violet region is the R19 measurement.
V. BEYOND H0
As we have seen, for some of the VM models, while H0 is in good agreement with R19 local measurements, and the
CMB only data is well fit, the parameters associated with the matter density and structure growth are pushed away
from the standard ΛCDM values. We explore the impact of this here, and show how the conjoined expansion-growth
plots, e.g. as introduced in [72], can play an important role in assessing the overall fit of a model beyond just H0.
For example, focusing on the full data set combination CMB+BAO+SN, for ΛCDM the matter density takes values
around Ωm = 0.31 while for the VM models it is Ωm ≈ 0.27. The structure growth parameters are more difficult to
assess, since the perturbation theory for the VM theory after the transition where the scalar curvature R freezes has
not been calculated in detail (see [54] for a discussion of the difficulties). Thus, growth parameters such as σ8 and S8
should not be literally interpreted as values from the VM theory; however, they can be viewed as values for a dark
energy theory with the same background expansion as VM (see Fig. 1 of [14] for the sharp transition of w(z) to a
phantom behavior). That is how we will interpret σ8 and S8 for the remainder of this section. The Monte Carlo runs
of the previous section are robust since we chose data sets – CMB, BAO, and SN – that are predominantly geometric
measures and insensitive to the behavior of the dark energy perturbations after the transition, z . 1.5.
Examining σ8 in that light, we see a common characteristic of late time phantom transitions in dark energy: if they
also seek to match the CMB, not just H0, then they tend to have higher σ8 than ΛCDM. The extended era of matter
domination, i.e. decreased dark energy density at redshifts z ≈ 0.5–2, provides additional growth, increasing σ8. For
VM-like expansion, σ8 ranges from ∼ 0.87 for the VM VEV expansion models to ∼ 0.94 for VM noVEV expansion
models, quite a bit above ∼ 0.81 for ΛCDM. Note that early time dark energy models that raise H0 by adding early
energy density and hence decreasing the sound horizon scale, also generally raise σ8 as well since they require a higher
primordial curvature perturbation amplitude to offset the damping effect of the unclustered component. So both
proposals for raising H0 run into increased tension with values of σ8 found from structure constraints.
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Figure 6. 68% CL constraints on Ωk for the different combinations of datasets and models explored here.
However, many large scale structure surveys do not give σ8 per se, but rather a quantity close to S8 ≡ σ8 (Ωm/0.3)0.5.
For example, this is the main degeneracy direction for many weak lensing shape measurements. This is also closely
related to fσ8(z = 0), central to galaxy clustering redshift space distortions, where f = Ωm(a)0.55 is an excellent
approximation to the growth rate even for many non-ΛCDM models [73–75]. So for S8, a redshift z = 0 quantity,
S8 = fσ8(z = 0) ×
(
1
0.3
)0.55 (
Ωm
0.3
)−0.05
≈ 1.94 fσ8(z = 0) . (9)
Thus either weak lensing or redshift surveys give a quantity closer to S8. As we have seen, many of the models that
give a higher H0 give a lower Ωm if they also match CMB data. We see that for VM-like expansion models, S8 tends
to be ∼ 0.83 for the VM VEV cases, and ∼ 0.88 for the VM noVEV cases, compared to ∼ 0.82 for ΛCDM. Thus the
VM VEV expansion cases give fairly good agreement with ΛCDM on this structure parameter. Of course some probes
such as galaxy clusters and the Sunyaev-Zel’dovich effect do measure σ8 more directly. We also must remember S8
is simply the redshift z = 0 value, and does not ensure that the growth history at z = 0.5 or 1 is consistent with
observational constraints.
What we want is a compact method for assessing the value of H0, the expansion history (as in CMB, BAO, and
SN), and the growth history. This is often called a conjoined history diagram, highlighted in [72]. By plotting fσ8(z)
directly against H(z), with redshift running along the evolutionary tracks, one can not only see distinctions in dark
energy properties such as equation of state, but modifications of gravity, or phenomenological effects from “stuttered”
growth [72]. (Note that the superdeceleration leading to stuttered growth is precisely what is necessary for an early
time dark energy transition to raise the value of H0 without disrupting agreement with CMB data.)
Figure 7 presents the conjoint history diagram for ΛCDM and the various VM expansion models with the parameters
given in the Monte Carlo results tables for CMB+BAO+SN. We see that if we look only at H0 then the VM cases
are well able to match the high value of H0. Even if we also look at fσ8(z = 0) (or nearly equivalently S8), the
values can be quite close to ΛCDM. However, at higher redshift the conjoint history deviates sharply, and would not
be consistent with data agreeing with ΛCDM. This emphasizes the need for a model to provide a good fit to all the
data, not just one parameter. We have seen this in terms of the poor χ2 in Sec. III and the conjoint history analysis
provides another view of this.
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Figure 7. Expansion and growth histories are here plotted simultaneously. The left panel shows the situation looking only at
z = 0, hence H0 and fσ8(0) or effectively S8. Excellent agreement with the R19 value of H0 (green dashed line), as opposed
to the ΛCDM value (cyan dashed line) is obtained by the flat VEV models with parameters fit to CMB+BAO+SN, and the
VM VEV model agrees well on S8 as well. However, the right panel shows a very different situation if one looks beyond H0 at
the full conjoint evolutionary track of the various models, not just the z = 0 (lower) endpoints shown in the left panel. Over
the histories the VM models diverge considerably from ΛCDM. Curves extend from z = 0 at the bottom to z = 3 at the top,
and the points with error bars show the trajectory location at z = 0.6, 1, 2, where the error bars mimic 1% constraints on each
axis quantity to give a sense of separation between the curves. Solid curves are for flat space, dotted curves include Ωk, at the
mean values from the results tables.
VI. DISCUSSION AND CONCLUSIONS
Obtaining a value of H0 ≈ 74 km/s/Mpc from the CMB is super easy, barely an inconvenience. Obtaining consis-
tency when accounting for data sets from multiple cosmological probes – at a minimum including the recent universe,
mid redshifts as seen by BAO and SN, and high redshift as evident in the CMB – and ideally both expansion and
growth constraints, is not. Even then, while σ8 or S8 can provide a further critical test, these are simply the z = 0
value, and a more incisive test would be consistency in a conjoined analysis of both the expansion history and the
growth history.
We demonstrate this with the vacuum metamorphosis model, a well motivated fundamental physics theory that
has properties in common with many late time dark energy transition models. VM does quite well in fitting the CMB
(∆χ2 ≈ −4.9 to +2.7 with respect to ΛCDM, with the same or one more parameter), and in our baseline combination
CMB+BAO+SN it achieves H0 ≈ 73–74 without using an H0 prior, and gives comparable uncertainty to the ΛCDM
case. However, for this three probe combination its goodness of fit is poor. That is, looking beyond just H0 the theory
fares poorly.
Such fit problems when taking into account the fuller array of data is common to many late time phantom dark
energy transition attempts to attain H0 & 70 (see [76] for a clear illustration of the tension in CMB+BAO+SN when
pushing into this phantom regime). Adding a vacuum expectation value to VM theory, i.e. VM VEV, delivers a
strong improvement: ∆χ2 = −53 for the one extra parameter, but still insufficient when considering the three probe
combination. We also explore whether including spatial curvature could alleviate this, and indeed it can provide
strong improvements for the CMB+SN case, but not for CMB+BAO+SN. Many data combinations prefer a closed
universe, at 95% CL or greater, though for the better fitting VM VEV theory and the three probe combination, this
is reduced to 68% CL.
Considering the amplitude of large scale structure, both late and early time transition models, by the nature of
their mechanism for raising H0, also tend to raise σ8 or S8 above the ΛCDM value, which is already somewhat high
with respect to observations. The VM VEV model (or its equivalent dark energy expansion behavior) can deliver
H0 ≈ 74 and a similar S8 to ΛCDM (though a higher σ8). However, this is merely a snapshot at z = 0. We emphasize
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the importance of a full conjoined analysis of the expansion and growth histories, by tracing H(z) and fσ8(z) at mid
redshifts as well.
In summary, if one has a very narrow focus, e.g. just on H0, then one can draw a very different conclusion regarding
the attraction of models than if one properly takes into account the array of available data. H0 ex machina, where
a model swoops in to resolve a seemingly hopeless problem, can be intriguing, but given the array of cosmological
data we want, and need, to go beyond H0. So far, neither early nor late time transitions have shown wholly viable
solutions to the full cosmology.
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